We have shown that the 26 bp bx1 element from the regulatory region of Distal-less is capable of imposing control by the homeotic genes Ultrabithorax and abdominal-A on a general epidermal activator in Drosophila. This provides us with an assay to analyze the sequence requirements for speci®c repression by these Hox genes. Both the core Hox binding site, 5
Introduction
The homeotic genes of the Hox clusters specify segmental diversity along the body axis of higher organisms (reviewed in McGinnis and Krumlauf, 1992) . They encode homeodomain transcription factors whose patterned expression leads to variation in target gene expression from segment to segment. This segmental modulation of target genes such as Distal-less (Dll) (Vachon et al., 1992; O'Hara et al., 1993) , decapentaplegic (dpp) (Immergluck et al., 1990; Reuter et al., 1990; Capovilla et al., 1994; Sun et al., 1995) and connectin (Gould and White, 1992) in Drosophila ultimately produces morphologically distinct segments. Although a number of target genes have been identi®ed (reviewed in Graba et al., 1997) , the pathway from the patterned expression of Hox genes to the development of diverse segmental morphologies remains poorly understood. In particular, the molecular basis for the speci®city of action of Hox genes remains unclear (reviewed in Mann, 1995) . Evidently, the individual Hox proteins have speci®c effects on target gene regulation in vivo. For example, in the visceral mesoderm, the target gene dpp is activated by over-expression of the Hox genes Antennapedia (Antp) and Ultrabithorax (Ubx), is repressed by abdominal-A (abd-A) and is unaffected by Sex combs reduced (Scr) (Manak et al., 1994) . Such speci®city could lie in the selective binding of individual Hox proteins to particular target sites and/or in functional differences between the proteins once they are bound to the target DNA (Biggin and McGinnis, 1997) . Hox proteins on their own exhibit poor DNA binding speci®city in vitro and progress has been made in identifying cofactors, notably EXTRADENTICLE (EXD) and its mammalian PBX family counterparts, that enhance the speci®city of binding (Rauskolb et al., 1993; Chan et al., 1994; Van Dijk and Murre, 1994; Chang et al., 1995; Di Rocco et al., 1997; Passner et al., 1999; Piper et al., 1999) . Association with such cofactors may contribute also to functional speci®city (Pinsonneault et al., 1997; Li et al., 1999) .
The analysis of how Hox genes achieve target speci®city has been hampered by the small number of target genes identi®ed so far and by the fact that the control regions tend to be large and dif®cult to subdivide into independent regulatory elements. More progress has been made on the regulatory elements which mediate the autoregulation of Hox gene expression (Kuziora and McGinnis, 1988; Zeng et al., 1994; Popperl et al., 1995; Grieder et al., 1997) . In particular, a short sequence derived from the Hoxb-1 autoregulatory control region is activated speci®cally by the Hoxb-1 homologue, labial (lab), in Drosophila (Popperl et al., 1995) . This sequence contains a co-operative binding site for LAB plus EXD and its activity is dependent on both lab and exd. A further experiment demonstrated that a small change in the target site sequence switched the regulation from lab-speci®c to Deformed (Dfd)-speci®c (Chan et al., 1997) . Again the response was dependent on both the Hox gene and exd. These, and other experiments, support the model that the key elements of sequence speci®city lie in the two base pairs following the TGAT PBX site contained within a consensus PBX family protein/Hox protein binding site (PBX/HOX) TGATNNAT [g/t] [g/a] (Chan and Mann, 1996; Chang et al., 1996; Lu and Kamps, 1996; Chan et al., 1997) . In the case of NN GG a lab-speci®c response is produced whereas NN TA gives a response speci®c to Dfd. The N-terminal arm of the homeodomain has been shown to be a major source of speci®city in domain swap experiments between DFD, SCR, ANTP, UBX or their mammalian orthologues (Lin and McGinnis, 1992; Chan and Mann, 1993; Furukubo-Tokunaga et al., 1993; Zeng et al., 1993; Phelan et al., 1994; Chang et al., 1996) , however, the crystallographic analysis of Hox/Pbx heterodimers has not so far provided a structural basis for the speci®city (Passner et al., 1999; Piper et al., 1999) .
These few elements have provided some insight into the rules governing Hox gene speci®city but more examples of Hox response elements are needed to represent the diversity of target gene control. Here we investigate the bx1 Hox response element from the Dll gene (Vachon et al., 1992) . This element is of particular interest for two reasons; ®rstly, it is regulated by the Hox genes Ubx and abd-A and its investigation complements and extends the above analysis of speci®city based on Dfd and lab-responsive elements; secondly, the Dll element is repressed both by Ubx and abd-A in contrast to the Dfd and lab-responsive elements which mediate activation, presenting us with an opportunity to analyze the basis for the modulation of type of homeotic control.
The Dll gene appears to be a direct target of the Hox genes Ubx and abd-A (Vachon et al., 1992 ). An 877 bp regulatory sequence has been identi®ed that is expressed in thoracic imaginal disc primordia but which is repressed in the abdomen by Ubx and abd-A. Deletion of 197 bp from this sequence alleviated repression, thus de®ning a sequence required for repression by Ubx and abd-A. This sequence contains two sites capable of being footprinted by either UBX or ABD-A and a 26 bp bx1 minimal repressor element containing one of these footprint sites was shown to be capable of restoring repression to the 197 bp-deleted construct. Here we show that this 26 bp Dll-bx1 sequence is suf®cient to confer negative regulation by Ubx and abd-A on an epidermal enhancer that would normally drive ubiquitous epidermal expression. This provides us with a powerful assay to study the sequence requirements of a Hox response element that is speci®cally negatively regulated by Ubx and abd-A.
Results

Designing a Hox repression construct
The idea of designing a Hox response element that could be used to investigate the basis of the speci®city of Hox gene control derives from studies in yeast on the regulation by mating type genes. The insertion of the 32 bp alpha2 operator next to several different activation sequences is suf®cient to bring those activation sequences under the control of the homeodomain factor alpha2 (reviewed in Komachi et al., 1994) . This established that the activation and repression sequences can act as independent modules and provided a minimal element that could be analyzed by mutagenesis. To build a similar assay for analyzing Hox gene control we took as a starting point a construct that contains three copies of a 21 bp element that contains binding sites for the transcription factor GRAINYHEAD (GRH). This construct drives rather uniform epidermal expression of the b-gal reporter gene from a minimal hsp70 promoter (Uv et al., 1997; Jennings et al., 1999) . For the homeotic control element we chose a 26 bp sequence from the regulatory region of the Dll gene. This sequence, designated the bx1 element, contains a homeodomain binding site that has been shown to bind both UBX and ABD-A (Vachon et al., 1992) (Fig. 1) . It is suf®cient to confer abdominal-speci®c repression by Ubx and abd-A onto a 680 bp Dll regulatory Fig. 1 . Structure of the transformation constructs. The transformation plasmid is based on HZ50PL with three copies each of the Gbe and the Dll-bx1 element inserted upstream of the LacZ reporter gene (see Section 4). The sequence of bx1 is compared to the PBX/HOX consensus of Chan et al. (1997) . In the modi®cations, Hmut and Emut, the consensus HOX-and EXD-binding sites respectively were mutated (mutated bases underlined). The A region that otherwise is expressed similarly in thoracic and abdominal segments. Fig. 2 shows that the introduction of three copies of the bx1 element into a construct containing three copies of the GRH binding site element (Gbe; constructs outlined in Fig.  1 ) results in the imposition of homeotic control. The 3£Gbe13£bx1 construct shows strongly reduced expression in abdominal segments (Fig. 2B,D) compared with the rather uniform epidermal expression from the 3£Gbe construct ( Fig. 2A,C) . The repression imposed by the bx1 element is not uniform in abdominal segments; repression is more pronounced in ventral regions and lines of cells close to segment boundaries show little downregulation. The homeotic modulation of the pattern also depends on developmental stage. The lacZ expression driven by the Gbe ®rst appears at stage 11 and initially shows no abdominal repression. The thoracic/abdominal difference is ®rst evident at stage 12, is clear and consistent at stage 13, and continues to the end of embryogenesis.
As expected, the expression of these constructs is dependent on activation by the GRH transcription factor. In mutant embryos lacking grh activity the expression from a 3£Gbe2lacZ construct was almost abolished, leaving only a weak set of lateral stripes as a grh independent component (Uv et al., 1997) (Fig. 2E ). A construct with the bx1 element trimer but lacking the GRH binding sites showed no expression, indicating that the bx1 elements were incapable of activating transcription on their own (data not shown).
The pattern of expression in embryos with the 3£Gbe13£bx1 construct implicates repression by the abdominally-expressed Hox genes, Ubx and abd-A. Interestingly, the most posterior epidermal segments A8 and 9 show no evidence of repression indicating that the Hox gene Abdominal-B may have no effect on the bx1 element. We investigated the role of Ubx by examining the expression pattern in a Ubx mutant background (Fig. 3A) . In Ubx 2 embryos the 3£Gbe13£bx1 construct no longer shows downregulation in A1, con®rming that Ubx does indeed confer repression. Repression is still seen posterior to A1 indicating that the next most posteriorly expressed Hox gene, abd-A, is also capable of repressing expression from this construct. Thus, like the endogenous Dll regulatory sequences, the bx1 element responds to both Ubx and abdA.
Sequence requirements for homeotic response
The bx1 element contains the sequence 5
H -GATTTAATT which is protected by in vitro footprinting with either UBX or ABD-A (Vachon et al., 1992 ). This sequence contains 5
H -TAAT which is the core target site recognized by many homeodomains (reviewed in Gehring et al., 1994) . To test whether this site is important in vivo we mutated 5 H -TAAT to 5
H -TCCT and introduced this mutated 3£Gbe13£bx1:Hmut construct into¯ies. Just 5 H of the TAAT homeodomain core site there is 5
H -TGAT which is the core of the binding site for the homeodomain cofactor EXD and we also tested the involvement of this site by mutating it to 5 H -TCCT, generating the construct 3£Gbe13£bx1:Emut (see Fig. 1 ).
The Hmut and Emut constructs give strikingly different patterns of reporter gene expression as compared to expression from the construct containing the intact bx1 element. Abdominal repression was not seen in any of the transfor- Fig. 2 . Comparison of b-gal expression in embryos carrying constructs containing the Gbe alone with those also containing the Dll-bx1 sequences. Expression is uniform in the epidermis of 3£Gbe2LacZ embryos at stage 13 (A, lateral view; C, ventral view). In 3£Gbe13£bx12LacZ embryos epidermal expression is repressed in the abdominal segments (B, lateral view; D, ventral view) . The boundary between the thoracic (T) and abdominal (A) segments is indicated. All 10 lines tested showed abdominal repression. A construct (3£Gbe11£bx1) containing a single copy of the bx1 element was also analyzed and gave detectable abdominal repression but the effect was less marked than with the 3£bx1. In homozygous grh 2 embryos (E) expression from the 3£Gbe2LacZ construct is reduced to a few lateral patches. mant lines (0/11) carrying the Emut construct (Fig. 3B) . For the Hmut lines, six of the eight lines analyzed showed no abdominal repression (Fig. 3C ) and the remaining two only showed some weak evidence of repression in the abdomen. We conclude that the bases targeted in the Emut and Hmut sequences are essential for the function of the bx1 element. Thus, the Hox response requires sequences predicted to bind both Hox gene products and EXD.
In vitro binding studies support the relevance of EXD for the binding of UBX to the Dll-bx1 element. Fig. 4 shows clear enhancement of band-shift complex formation by the addition of EXD.
A switch in speci®city
The Dll-bx1 element shows some similarity with the PBX/HOX consensus 5 and Mann, 1996) , but with two mismatches and NN TT. It occurred to us, however, that the bx1 sequence might be viewed as a 5 H -TGAT`EXD site' (Van Dijk et al., 1993; Chang et al., 1996) and a 5 H -TAAT`HOX site' that were separated from each other by an intervening base pair rather than being immediately juxtaposed as in the consensus site (i.e. TGATTTAAT). To begin to test the idea that spacing between the`EXD site' and`HOX site' might be a determinant of speci®city we generated a mutant bx1 sequence (A 2 mut) lacking the intervening A:T base pair. This generates a sequence that is very close to the Dfd-speci®c element consensus with identity at the proposed speci®city determining residues (NN TA) and one mismatch at position 9 (see Fig. 1 ).
The 3£Gbe13£bx1:A 2 mut construct produced an expression pattern that showed clear abdominal repression in 7/7 lines tested, indicating that the bx1:A 2 mut retains the capability to mediate repression by Ubx and abd-A (Fig.  5A) . However, this construct also produces a novel pattern. Fig. 5C shows that around the time when the grh dependent activation is appearing, there is an additional gnathal stripe of b-gal expression. This stripe is primarily in the labial segment and double-labelling with antibodies to DFD or SCR indicates that the expression lies within the territory of cells expressing SCR with little expression in the adjacent DFD-expressing region (Fig. 6) . At early stages the majority, but not all, of the SCR-positive cells co-express the lacZ reporter driven by the bx1:A 2 mut construct. At later stages, the additional activation from this construct is seen above the background of the ubiquitous grh-driven expression and so it is harder to discern the extent of the territory with heightened expression (Fig. 5A) . Certainly expression is strong in the anterior part of the ®rst thoracic segment (T1) and in the labial segment but there is also particularly strong expression in the posterior region of the maxillary segment, i.e. in DFD territory. At early stages, therefore, the expression indicates that this element is capable of being activated by SCR and the later expression suggests it is also a target of DFD. As the bx1:A 2 mut sequence shares the proposed speci®city determining residues (NN TA) with sequences that result in Dfd-speci®c activation, enhanced expression in Dfd territory would be expected. Fig. 4 . EXD enhances the binding of UBX to the Dll-bx1 element. Lanes 1± 4 show the band shifts generated by a set of concentrations of UBX decreasing in four-fold steps. Lanes 5±8 show the enhanced band shifts generated by adding a constant amount of EXD to the binding reaction. On its own this amount of EXD does not give a clear band shift (lane 9). However, it is striking that the early activation is clearly associated with Scr, not Dfd.
To clarify the activation capacity of the bx1:A 2 mut element we examined its effects on expression in the absence of activation from GRH. In a grh mutant background, the 3£Gbe13£bx1:A 2 mut element produces little expression. On the background of the weak lateral expression seen previously with the Gbe in a grh 2 mutant (Fig . Fig. 5 . There is additional activation of expression in embryos carrying the 3£Gbe13£bx1:A 2 mut construct. (A) A 2 mut embryo stage 13 showing repression of b-gal expression in abdominal segments and also enhanced expression in the maxillary, labial and anterior T1 regions (cf. Fig. 2B ). This additional expression is evident at stage 11 (C), when the epidermal expression from the grh promoter is not fully activated, and is not present in 3£Gbe13£bx1 embryos at the same stage (D). In grh 2 embryos, the A 2 mut construct activates only weak expression (B). 2E), there is slight additional weak expression mainly in the gnathal segments (Fig. 5B) . This an interesting result, indicating that the strong gnathal expression produced by the A 2 mut element in a grh 1 background is the result of collaboration between the GRH response element and the bx1 Hox response element.
Role of EXD
The mutational analysis of the bx1 element demonstrated a requirement for the putative EXD binding site for repression by Ubx and abd-A. To test the role of EXD in the regulation of these elements we examined their expression in embryos which lacked both maternal and zygotic EXD. We were particularly interested to investigate the requirement for exd in the repression of these elements by Hox genes as it has been proposed that the primary function of EXD is to act as a switch that changes HOX proteins from repressors to activators (Pinsonneault et al., 1997) .
As shown in Fig. 7A , the expression of the original 3£Gbe construct in embryos lacking both maternal and zygotic EXD shows uniform epidermal labelling as in a wild-type background. If exd were not required for Ubx/ abd-A mediated repression, then the 3£Gbe13£bx1 construct would be expected to show abdominal repression in embryos lacking EXD. Despite the fact that the morphological effects of the exd mutation make comparison with the wild-type dif®cult, we failed to observe evidence of abdominal repression (Fig. 7B) . Thus, we conclude that mutation of the putative EXD binding site or removal of EXD both have the same effect and result in the loss of repression by Ubx and abd-A.
We also examined the effect of a lack of EXD on the expression from the 3£Gbe13£bx1:A 2 mut element. In exd 2 embryos we found no evidence either of the normal enhanced expression of this element in the labial segment and anterior T1, or of the abdominal repression (Fig. 7C) .
Thus, in an exd 2 background, the basic 3£Gbe and the 3£Gbe13£bx1 and 3£Gbe13£bx1:A 2 mut constructs all give very similar expression patterns with little segmentto-segment modulation indicating that exd is required both for activation and repression by homeotic genes.
Discussion
The bx1 element
We have built a homeotic response element that mediates repression by the Hox genes Ubx and abd-A. The element is based on two short sequence modules; the 21 bp binding site (Gbe) for the transcription factor GRH and the 26 bp UBX/ ABD-A bx1 footprint site from the Dll regulatory sequences. On its own the Gbe mediates uniform epidermal activation. However, the combination of the Gbe and the bx1 element produces a homeotically modulated response. Speci®cally in the domain of expression of the Hox genes Ubx and abd-A the epidermal expression is repressed. This homeotic element thus successfully recapitulates the features of endogenous regulatory elements from homeotic target genes giving tissue-speci®c regulation by multiple homeotic genes (e.g. connectin, Gould and White, 1992; dpp, Sun et al., 1995) . However, whilst endogenous target gene regulatory elements tend to be large (typically covering several kb) and are correspondingly dif®cult to analyze, this constructed element is appealingly simple and provides a manageable system for analyzing the speci®city of the homeotic response.
The bx1 element contains the notable sequences 5 H -TAAT (the core Hox binding site) and 5 H -TGAT (the core EXD binding site). These two sequences are contained within the 5 H -TGATTTAATT which is similar to the proposed PBX/HOX consensus site 5 (Chan and Mann, 1996; Chang et al., 1996; Lu and Kamps, 1996; Chan et al., 1997 ). Mutation of the 5 H -TAAT site within bx1 abolishes the abdominal repression conferred by this element, presumably by reducing the af®-nity of the site for Ubx and abd-A proteins. Thus, both UBX and ABD-A appear to bind in vivo to the same site in the bx1 element. Mutation of the 5 H -TGAT putative EXD binding site also abolishes the abdominal repression, suggesting that both UBX and ABD-A require the binding of the cofactor EXD in order to function as repressors on this construct.
Homeotic gene target speci®city
The basis of Hox target speci®city has been proposed to depend on the nucleotides immediately following the EXD core site in the 5 H -TGATNNAT[g/t][g/a] PBX/HOX consensus target site (Chan and Mann, 1996; Chang et al., 1996; Lu and Kamps, 1996; Chan et al., 1997) . In vivo studies have indicated that NN GG produces a lab-speci®c response whereas NN TA elicits a response to Dfd (Chan et al., 1997) . Previous in vitro studies on the optimum target sequences for the whole range of PBX/HOX heterodimers emphasized the importance of the nucleotide at position 7 in the PBX/HOX consensus sequence 5 H -ATGATTNATGG (Chang et al., 1996) . Preference for a particular nucleotide at N7 varied across the Hox complex. The most anteriorly-expressed proteins, HOXB1 and 2, preferred G at this position, the next more posteriorlyexpressed Hox proteins allowed N7 A, and from HOXB6±10 preference grew for N7 T. The optimum consensus for binding site for the PBX/HOXB7 heterodimer, equivalent to UBX or ABD-A/EXD in Drosophila, was 5 H -ATGATTTATGG. This is similar to the sequence ATGATTTAatt (differences in lower case, N7 underlined) in the bx1 element. In particular, the nucleotide at N7 is T and thus ®ts with the predictions from the in vitro binding data. Taking the two elements previously studied in vivo into account we have N7 G in a lab (Hoxb1) element, N7 A in a Dfd (Hoxb4) element and now we have N7 T in the bx1 element which responds to Ubx and abd-A. Thus, the speci®city of regulation of the bx1 element ®ts well with the expectations of the PBX/HOX model where the nucleotides immediately 3 H of the TGAT PBX core provide the speci®city for a particular subset of Hox proteins through interactions with the speci®c residues of the N-terminal arm of the homeodomain.
The bx1:A 2 mut element ®ts less well with this simple model. This element is regulated by at least three Hox proteins, SCR, UBX and ABD-A, and most likely also by DFD. Despite sharing the`speci®city determining' residues NN TA with the Dfd response element, it is activated in early embryos by Scr rather than Dfd. This raises the question of how tightly is speci®city determined by the contact bases of the binding site. The in vivo analysis that identi®ed the lab-speci®c and Dfd-speci®c elements presents a picture of individual target sequences regulated by individual Hox genes, with speci®city being determined by af®nity of PBX/ HOX-family dimers for the target sequence. This contrasts with the broad sequence preferences shown by PBX/HOX complexes in binding assays in vitro (Chang et al., 1996) . However, the in vivo assay used in these studies depended on activation by Hox proteins and thus re¯ected not only binding but also required activation function. It is possible that, for example, the Dfd element (Chan et al., 1997 ) binds a range of Hox proteins but only DFD can form a complex capable of activation. It is notable that the expression from this element in embryos ubiquitously expressing DFD is restricted to the head/gnathal segments, suggesting that in the trunk and abdomen DFD may have to compete for the binding site with other Hox gene products. In vitro, the Dfd element is also capable of binding UBX/EXD and ABD-A/ EXD. Thus, the binding component of the speci®city in vivo may be more relaxed than the activation pattern of the reporter gene would suggest. The in vivo assay used here for the analysis of the bx1:A 2 mut element revealed responses to several homeotic genes and may be a useful general approach to investigate the range of homeotic genes acting on a particular response element, as it is based on modulation of an underlying pattern and allows the visualization of both activation and repression.
The Dfd-element and the bx1:A 2 mut element, sharing the NN TA`speci®city residues' may both be members of a class of elements that are capable of binding the DFD± ABD-A group (i.e. DFD, SCR, ANTP, UBX, ABD-A) of Hox proteins. The mouse Hox-B4 CR3 HS2 element (also with NN TA) may belong to this class as it was shown to be regulated by Dfd, Scr, Antp and Ubx in Drosophila . Although these elements share the NN TA`speci®city residues' they produce different expression patterns leading us to suggest that the individual speci®cities of members of this class of elements may not simply re¯ect different af®nities for particular HOX/EXD complexes. Instead, their speci®city may depend on further interactions that these complexes undergo (see below).
Repression versus activation
Most small homeotic response elements studied so far have mediated activation and so the bx1 element provides an opportunity to compare activation and repression elements. The bx1 site ®ts well with the PBX/HOX consensus; we have shown that the putative EXD (5 H -TGAT) binding site is required for repression mediated by Ubx and abd-A, and that repression is relieved in the absence of exd. Thus, this repression site appears very similar to previously characterized activation sites. These results argue against the generality of the model of Pinsonneault et al. (1997) who suggested that the role of EXD may not be to facilitate binding of Hox proteins but rather to enable bound Hox proteins to function as activators. Also, the A 2 mut construct mediates both activation and repression by homeotic genes indicating that the same site can serve both functions. This suggests to us that homeotic gene products bind to repression and activation sites in the same manner (i.e. using the same cofactors to enhance af®nity) and that the functional differences are dependent on subsequent interactions.
Modular control
The bx1 element on its own does not drive reporter gene expression. It acts as a control module that together with the GRH activation module constitutes a homeotic response element. This may represent a general model for a target gene regulatory element where proteins bound to a PBX/ HOX site interact with neighbouring regulatory complexes to modulate their activity. The PBX/HOX modules may act to overlay homeotic control on a whole variety of tissuespeci®c, signal transduction pathway-speci®c, temporal or other regulatory elements. It is worth noting that the regulatory regions that have been identi®ed in homeotic target genes all drive highly tissue-restricted patterns, indicating the collaboration between tissue-speci®c and homeotic control. This collaboration is strongly illustrated by our observations on the interactions between the A 2 mut element and the Gbe activation sequences. In embryos carrying the 3£Gbe13£bx1:A 2 mut construct, a strong activation in the Scr domain is superimposed on the normal grhdriven pattern. Removing the grh activation in a grh mutant background leaves only a very weak activation driven by the A 2 mut element. Clearly the grh activation and the activation via the A 2 mut element are synergizing to produce the full expression pattern. A similar synergy between a LAB/ EXD element and a dpp response element has been seen in regulatory sequences of the lab gene (Grieder et al., 1997) . These observations give an insight into the modular construction of complex enhancers and also have important implications for the speci®city of homeotic gene function. If the PBX/HOX complexes in target gene regulatory sequences act by interacting with other regulatory complexes, it seems very likely that different Hox proteins will vary in their ability to mediate speci®c interactions. Thus, there is clearly the potential for much of the speci®-city of responses to homeotic gene control to reside in postbinding interactions. It is interesting that in the experiments of Grieder et al. (1997) altering the sequence of the LAB/ EXD to that of the Chan et al. (1997) Dfd-speci®c element did not change the speci®city of the in vivo response. Thus, in this context, the speci®city lay not in the binding site but presumably in the interactions of LAB/EXD with proteins bound nearby. In the case of the comparison between the response of the`Dfd-element' of Chan et al., and the bx1:A 2 mut element, one component of the speci®city of the A 2 mut response may be the ability of the various HOX/EXD complexes to effectively synergize with the grh activation.
Our results emphasize the different levels at which speci®city may be generated in homeotic gene function. In the comparison between the bx1 and A 2 mut elements a small change in the PBX/HOX binding site leads to altered speci®city highlighting the in¯uence of binding on speci®city. On the other hand the comparison between the A 2 mut and the Dfd element suggests that interactions subsequent to binding also play a signi®cant role.
Experimental procedures
Constructs and transformants
The starting construct was pHZ50PL containing three copies of the be-1 GRH binding site (Uv et al., 1997;  obtained from Sarah Bray) (see Fig. 1 ). Oligonucleotides of the 26 bp Ubx-response element bx1 from the Dll promoter (5 H -CAATATTTGGGAAATTAAATCATTCCCG, Vachon et al., 1992) and also Hmut, Emut, A 2 mut modi®-cations (see Fig. 1 ) were cloned by random ligation into the KpnI site between the be-1 and b-galactosidase. The number and orientation of inserts was checked by restriction and sequencing and constructs containing three tandem copies were selected. Both orientations of the trimeric array with respect to the promoter gave similar expression patterns. A control bx1 construct lacking the be-1 sites was prepared by excision of the be-1 using XbaI followed by religation. The resulting plasmids were puri®ed by CsCl gradient centrifugation and used to transform cn ry¯ies by standard techniques.
Immunocytochemistry
Embryos were ®xed in 4% formaldehyde/heptane (1:2, v/v) for 30 min at room temperature followed by dechorionation in methanol. Before staining they were blocked in PBTx (PBS, 1% BSA, 0.1% Triton X-100) for 1 h and then incubated in rabbit anti-b-galactosidase (ICN/Cappel), diluted 1:2000 in PBTx, for 1 h at room temperature. Embryos were then washed three times over 30 min in PBTx and incubated in HRP-conjugated anti-rabbit secondary antibody for 1 h. After three washes in PBS, 0.1% Tween20, the reaction was developed in nickel-enhanced DAB. Preparations were either dehydrated and mounted in DepEx mountant (Gurr) or mounted in 90% glycerol in PBS. For double-label¯uorescent antibody staining, embryos were incubated in anti-b-galactosidase plus anti-SCR (monoclonal antibody 6H4; Glicksman and Brower, 1988) or anti-DFD (guinea-pig anti-DFD antiserum obtained from Bill McGinnis) overnight at 48C. All¯uor-escent secondary antibodies were from Jackson Immunoresearch Laboratories. Embryos were viewed using a Zeiss Axiophot or a Leica TCS confocal microscope.
Fly strains
Embryos lacking Ubx function were obtained using Ubx M1 mwh jv e/TM1 (Ubx-null), and lacking grh function using grh B32 or grh B37 (Bray and Kafatos, 1991) . Maternaland zygotic-null exd 2 embryos were produced using y w exd B108 f FRT 18D crossed with Ovo D2 (Rauskolb et al., 1993) as described in Aspland and White (1997) .
DNA binding
Electrophoretic mobility shift assays were carried out as described previously , using a bacterial extract with close to full-length UBX 1b fusion protein pETUbx1l (Strutt and White, 1994) and full-length Histagged EXD, expressed in pRSET (Invitrogen) and puri®ed on nickel NTA agarose beads (Qiagen).
